Abstract: Previously, Lipase A from Bacillus subtilis was subjected to in vitro directed evolution using iterative saturation mutagenesis, with randomization sites chosen on the basis of the highest B-factors available from the crystal structure of the wild-type (WT) enzyme. This provided mutants that, unlike WT enzyme, retained a large part of their activity after heating above 65°C and cooling down. Here, we subjected the three best mutants along with the WT enzyme to biophysical and biochemical characterization. Combining thermal inactivation profiles, circular dichroism, X-ray structure analyses and NMR experiments revealed that mutations of surface amino acid residues counteract the tendency of Lipase A to undergo precipitation under thermal stress. Reduced precipitation of the unfolding intermediates rather than increased conformational stability of the evolved mutants seems to be responsible for the activity retention.
Introduction
Enzyme stability, which includes thermostability, oxidative stability and resistance to undesired aggregation and precipitation, is critical in industrial applications of biocatalysts, and in biotechnology all of these factors contribute to the ''robustness'' of a protein. Numerous approaches have been reported to improve thermal and oxidative stability using sitespecific mutagenesis guided by rational design, yet further progress is hindered by the lack of understanding of the factors involved. [1] [2] [3] For instance, intermolecular interactions can lead to significant aggregation and subsequent precipitation, a phenomenon which is difficult to predict. Directed evolution [4] [5] [6] [7] [8] [9] offers an alternative method for improving the robustness of proteins in biotechnology, 10 with error-prone polymerase chain reaction (epPCR) and/or DNA shuffling being the most popular gene mutagenesis techniques in this endeavor. In many cases this approach is superior to rational design, although at the expense of having to screen large mutant libraries, which is still considered to be the bottleneck of directed evolution in general. 11 The need for thermostable proteins is so important that thermostabilization studies continue to be reported. [12] [13] [14] [15] [16] [17] Additional Supporting Information may be found in the online version of this article.
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Recently, we proposed a different method to evolve enzyme thermostability 18, 19 by iterative saturation mutagenesis (ISM) applied at specific amino acid positions in an enzyme. To guide the decisionmaking regarding the amino acid sites to be altered, the B-FIT method was developed, in which residues with high B-factors in the crystal structure of the target enzyme are considered appropriate mutation candidates. The rationale behind this approach is the higher rigidity of thermostable proteins compared to their mesophilic counterparts at ambient temperatures, 3 and the belief that targeted mutagenesis at flexible regions as indicated by high B-factors could lead to rigidification and thus thermostabilization.
We applied the B-FIT approach to Bacillus subtilis Lipase A (LipA). 18, 19 LipA is a mesophilic protein, which has been well characterized. 20, 21 Its three-dimensional structure was determined using crystals obtained at either basic conditions 22, 23 or at acidic pH. 24 In the past, the Rao group described the use of directed evolution based on epPCR to enhance the thermostability of LipA significantly. [25] [26] [27] As a result of several rounds of ISM at sites displaying the highest B-factors in one of the X-ray structures, 23 we obtained mutants that retained significant activity after treatment at temperatures above 65 C, whereas the wild-type (WT) lipase lost all activity. In this study, we report biophysical investigations for the three best B-FIT-evolved LipA mutants along with WT enzyme, thereby shedding light on the origin of their enhanced activity retention upon thermal treatment. We characterized these mutants using thermal inactivation profiles, melting experiments monitored by circular dichroism (CD) and structural characterization by X-ray crystallography and nuclear magnetic resonance (NMR). We show that the point mutations introduced during the evolutionary process significantly reduce the undesired precipitation tendency of LipA unfolding intermediates upon heating. This reduction of precipitation enhances the proficiency of an enzyme as a catalyst in biotechnology, an aspect of protein engineering that has not received much attention thus far.
Results and Discussion

Thermal inactivation profiles
Thermal inactivation profiles describe the residual activity retained after heating a protein sample and subsequent cooling. Previously, using the B-FIT approach, LipA variants were found with significant activity retention (measured using p-nitrophenyl caprylate as a substrate) after heating over 65 C and cooling down to room temperature. Three of these variants are studied here in detail, namely: variant IX (K112D, M134D, Y139C, I157M) obtained in the 4th ISM step and used as parent for the last round of saturation mutagenesis, variant X (R33Q,  D34N, K35D, K112D, M134D, Y139C, I157M)  obtained in the last round of ISM, and variant XI  (R33G, K112D, M134D, Y139C, I157M ) also identified in the final ISM round. 18, 19 Thermal inactivation experiments at neutral pH [ Fig. 1(A) ] reflect the selection conditions applied during the directed evolution process. 18, 19 As anticipated,
WT protein retained almost no activity after heating and cooling, whereas the highest residual activity was found for variants X and XI, and slightly lower activity for variant IX. This high activity retention might originate from either improved thermodynamic stability, or from improved kinetic stability. Kinetic stability might be caused by, for example, more favorable refolding properties, reduced irreversible aggregation and/or precipitation of the mutants. WT LipA does not retain its activity upon thermal treatment even at low concentrations (1 lM) at neutral pH. However, when protein aggregation is limited, for example, at low pH 28 [ Fig. 1(B) ] or in the presence of guanidinium hydrochloride 29 [ Fig. 1(C) ], all LipA variants along with WT retained high activity levels comparable to the untreated protein even after application of high temperature. Therefore it can be concluded that in the absence of protein aggregation the refolding properties of WT and variants are similar. Larger activity loss was observed at higher concentrations of the enzyme [ Fig. 1(D) ], again suggesting a role of protein precipitation in the activity recovery of LipA evolved mutants. Importantly, precipitation obscures results obtained using techniques that require high protein concentrations (e.g., CD or NMR).
Interestingly, the activity retention of the evolved variants is larger from species present at 80 C than from intermediates present at 60 C. Additional experiments in which the enzyme was kept at these temperatures for different time periods support this observation (Supporting Information  Fig. S3 ). Since at pH 10 reconstitution from the 60 C intermediates becomes as efficient as from the 80 C intermediates (Supporting Information Fig. S2A ), the retention of functional mutants from 60 C intermediates is affected by electrostatic interactions.
In the B-FIT study of LipA only surface residues were addressed and the majority of the mutations involved charged residues (two of four mutations in variant IX, five of seven in variant XI and three of five in variant XI). Additional thermal inactivation profiles determined using various buffer compositions (Supporting Information Fig. S2 ) indicated a role of the ionic interactions. Therefore, an altered surface charge distribution might be responsible for the enhanced activity retention upon thermal treatment of the evolved mutants.
In general, folding properties of the variants are similar to those of WT lipase, which is suggested by thermal inactivation profiles recorded when aggregation is reduced. This conclusion is further supported by molecular dynamics simulations, where similar unfolding patterns of WT and variant X were found (Supporting Information Fig. S8 ). Therefore, we concluded that folding pattern is unlikely to be responsible for the differences in activity retention upon thermal treatment of LipA WT and mutants. This leaves an increase of the thermodynamic stability of the fold, reduction of irreversible aggregation propensity of the unfolding intermediates and insolubility as possible explanations of the efficient reconstitution of the evolved mutants upon thermal treatment.
Characterization of recovered of LipA variant XI by NMR spectroscopy
An important point concerns the question whether the enzyme recovers its tertiary structure after the thermal inactivation experiment. It was tested using NMR spectra recorded for native and thermally treated 15 N-labeled variant XI LipA.
Heating and cooling down of diluted LipA variant XI solution produced a decent amount of protein for the NMR experiments. However, when WT enzyme was subjected to a similar procedure, no significant amount of soluble protein was obtained due to protein precipitation even from the diluted solution.
After S1 ). In addition, it was observed that not all protein recovers its native fold. Some small amount of soluble unfolded and/or degraded species can be seen in the spectra, although no significant change in the specific activity was found when comparing native and recovered LipA variant XI. This indicates that the fraction of unfolded/degraded and also irreversibly aggregated (but still soluble) species is small. Based on the experiments with preparation of thermally treated Lipase A WT and variant XI, it can be concluded that these irreversibly aggregated soluble species are not responsible for the activity loss upon thermal treatment.
In general, LipA variant XI recovers a conformation almost identical with the native protein according to the NMR data. This observation agrees with the activity recovery observed after thermal treatment.
Protein denaturation studies using CD
The thermodynamic stability of LipA was studied using far UV CD, which is an established tool to study protein unfolding and precipitation. 30 Contrary to the thermal inactivation profiles, the protein is directly studied during the actual melting process. Examples of denaturation experiments performed for LipA variants at pH 7 are shown in the Supporting Information (Fig. S4 ). In this study the following parameters were monitored:
1. The ''unfolding initiation temperature'' (T i ), which is defined as the temperature at which the unfolding transition begins. Technically, T i is determined as the temperature where the first melting slope intercepts the ellipticity value of the native protein recorded before protein melting. T i is used instead of melting temperature (a temperature at the midpoint of the unfolding transition) due to the fact that many melting curves indicate multiple melting transitions. 2. High-tension voltage jumps, which are an indication of solution turbidity and therefore reflect protein precipitation. 31 3. The CD melting slope value of the first unfolding transition, which indicates how fast the CD signal at 222 nm is being lost. This quantity relates to the rate of protein unfolding and/or precipitation.
Since in the previous section we showed that the LipA melting behavior depends strongly on the pH of the solution, we collected CD data at various pHs. Certain trends related to variant thermodynamic stability were observed (Fig. 3) . The T i values indicate that WT enzyme is actually slightly more stable than the mutants, as the T i values for WT are a few degrees higher than the corresponding values for the mutants across the studied pH range Table S1 for details).
For most pH values, the slope of ellipticity versus temperature is steeper for WT LipA [ Fig. 3(B) ] than for the variants. This indicates that although the variants start unfolding at lower temperature than WT, the loss of signal as a function of temperature proceeds slower than in the case of WT. Thus, early unfolding intermediates formed at the beginning of the melting process of WT seem to be more prone to signal loss than the early intermediates formed by the mutants.
The pH range in which no protein precipitation occurs differs slightly among the variants [ Fig. 3(C) ] and roughly corresponds to theoretical pI values. This suggests an important role of ionic interactions in the LipA precipitation and the differences can be explained by the fact that mutations at sites [33] [34] [35] 112 , and 134 involve charge alterations. Since these residues are located on the protein surface, they might influence intermolecular interactions leading to protein aggregation and precipitation upon thermal stress.
Steeper slopes of ellipticity upon temperature increase are observed in the pH range where the protein precipitates upon heating, which suggests that precipitation contributes to a large extent to the signal loss upon protein heating. It seems that the variants evolved in our laboratory exhibit higher kinetic stability 33 than WT enzyme, since the intermediates formed by the mutants at elevated temperature precipitate slower than intermediates formed by LipA WT. Activity retention upon thermal treatment of LipA variants does not originate from the enhanced thermodynamic stability of the lipase fold, as the mutants start to melt at lower temperature than WT. The kinetic stability was achieved at the expense of thermodynamic stability. This is a surprising observation considering a previous account on LipA evolution towards thermostability. Using error-prone PCR as the randomization method, the Rao lab obtained LipA variants that exhibit significantly higher thermodynamic stability than WT. Interestingly, these mutants show higher kinetic stability as well, since they unfold reversibly upon thermal treatment. All of the mutations introduced in that study seem at the protein surface, [25] [26] [27] similarly to our case. The data indicates that a lower precipitation propensity of unfolding intermediates of variants compared to WT is responsible for the activity retention of the mutants evolved using B-FIT. Neither significant changes of refolding properties (based on thermal inactivation profiles), formation of soluble irreversibly aggregated species, nor increased thermodynamic stability (CD data) of the mutant proteins explain our results.
The evolutionary pressure targeted activity retention, which was used as a screening method, and B-FIT succeeded in evolving mutants retaining their activity upon thermal treatment. However, the fold stability was not screened for, and therefore the creation of more thermodynamically stable mutants, although possible, has not occurred.
Crystal structure of LipA variant X Efficient renaturation of the evolved LipA mutants upon thermal treatment must originate from properties at the molecular level. The X-ray crystal structure of the LipA variant X was determined at 1.85 Å resolution. Refinement statistics and stereochemical quality of the final model (analyzed using the MolProbity webserver) are listed in Table I . ). Figure 4 (A) shows the coordinate RMSD between structures of the LipA variant X and WT reported in the literature. The backbone RMSD is small for all residues; side chain conformations are exclusively responsible for the large RMSD values found for certain residues.
Overall, the core of variant X is very similar to the structures of the WT protein, as expected for an active protein. However, several residues on the surface of the protein have different side chain conformations [ Fig. 4(C) ]. They are either involved in intermolecular contacts in the crystal lattice of variant X (F17, W42, Y49, N120, M137, R142, Y161) or are interacting with such residues (K23, K44, P119, Q121, K122, N181). Moreover, five out of seven residues (Q33, N34, D35, C139, I157), which were introduced during directed evolution, make new intermolecular contacts, which results in a completely different packing of variant X in the crystals. Figure 5 illustrates the intermolecular contact surfaces where the introduced mutations induced structural differences.
The B-FIT method was designed to address protein sites with the highest B-factors with the aim of obtaining more rigid proteins by applying evolutionary pressure on these sites. As a result, the mutated residues at these sites would be expected to have lower B-factors. We compared the B-factors of variant X against WT depositions from the PDB; the differences in the normalized B-factors across the sequence (see Materials for details) are presented in Figure 4 No significant B-factor differences were observed in the protein core; however, differences do occur in several loop regions [ Fig. 4(D) ]. One region, between residues 14 and 21, displays lower B-factors, but higher B-factors were found in the regions 60-70, 129-153, and 177-181 (C-terminus). On average, variant X has higher B-factors than WT lipase A. These higher B-factors suggest decreased protein rigidity, which is in agreement with the lower thermodynamic stability of the mutants as determined by CD melting experiments.
In addition, none of the mutation sites exhibits significantly lower B-factors, and residues 134 and 139 were even found to have higher B-factors. Although these findings may suggest that the B-FIT approach is flawed, it should be realized that the selection of mutants was based on retention of activity, 18, 19 which is not the same as thermodynamic stability. Therefore, B-factors do not have to be decreased and protein rigidity does not have to be improved along with improving activity retention. Indeed, our system found another outlet for the evolutionary pressure (i.e., reduced precipitation under thermal stress) than increase of protein rigidity. Generally, directed evolution of enzymes was shown to be capable of increasing thermodynamic stability before. This can be well rationalized, for example, by reducing van der Waals strain as was found for TEM-1 b-lactamase, 34 substitution of hydrophobic residues on the surface, increase of secondary structure propensity or removal of flexible side-chains. 13 Often both thermodynamic and kinetic stability of an enzyme are improved by in vitro evolution simultaneously. It happened to the LipA in the previous study, where loop tightening aided by hydrogen bonding, 27 electrostatic repulsion and limited conformational freedom around proline were indicated as factors stabilizing the enzyme. 35 Another example relates to hydrophobic packing or tethering the terminus to the protein core in adenylate kinase. 36 It is a common practice that the literature reports do not establish whether the evolved thermostable biocatalyst is thermodynamically or kinetically stable, or both. Large fractions of the thermostability assays used in directed evolution are based on activity retention following heat treatment (T 50 values); which might result from either thermodynamic or kinetic stability. Whereas thermodynamic stability can be explained at the molecular level, there are no simple structural elements pinpointed to the improved kinetic stability of the enzyme so far. 37 Our efforts have not produced any clear evidence in this field as well.
Conclusions
We have previously improved the retention of activity after thermal treatment of the Lipase A from Bacillus subtilis. 18, 19 In this study, we have characterized the evolved mutants by a variety of biophysical investigations, which allow a closer look on the evolutionary process leading to enhanced activity retention upon thermal treatment of LipA. We found that the evolutionary process resulted in a decreased tendency for precipitation of unfolding intermediates of the mutants, an undesired process that occurs when heating WT LipA. In fact this is likely the explanation why the evolved LipA mutants are able to retain their activity upon treatment. These mutants turned out to be more stable kinetically instead of thermodynamically. We also found that the mutations alter the surface properties of the protein at the expense of a slight decrease of the thermodynamic stability of the protein. In addition, the evolutionary process changed some of the catalytic properties of the enzyme (Supporting Information Figs. S5 and S6).
Although the B-FIT method was originally developed to target thermostability of proteins, current data shows that, at least for LipA, other factors also seem to guide the outcome of the procedure. First of all, the screening method is a crucial component of the experimental setup during directed evolution, as it determines the results. Increased rigidity of the protein fold does not necessarily have to be obtained when screening targets activity retention. Furthermore, reduced precipitation may sometimes be another outlet for the evolutionary pressure and therefore obscure the outcome of the B-FIT process, as we report here for LipA.
To conclude, both the thermodynamic stability and aggregation propensity of native proteins (i.e., solubility) have been subjects of directed evolution studies before. 9, 38 However, the irreversible aggregation and precipitation propensity of the thermally unfolded states has not been commonly addressed by directed evolution so far. In our study, this phenomenon is the major reason for activity retention of the evolved mutants. Reducing precipitation of the thermally unfolded states can therefore be a novel approach for optimizing enzymes.
Methods
Construction of plasmids for lipase expression
WT LipA and mutants were cloned into pET-22b(þ) (Novagen) plasmid before directed evolution studies. 18 To obtain expression of lipase without any tag, the pelB leader sequence was removed. The following primers (obtained from Invitrogen) were used for PCR:
and antisense:
PCR was run using KOD DNA Polymerase and a T Gradient thermocycler (Biometra). All the components except primers and matrix DNA were obtained from Novagen. Matrix DNA was then digested using DpnI endonuclease (New England Biolabs). The PCR product was used to transform Escherichia coli DH5a chemically competent cells. After colony selection and culture growth, DNA was extracted and clone correctness was proven by sequencing (Eurofins MWG Operon, Ebersberg, Germany).
Protein preparation
Expression. After transformation and selection on LB agar plate with carbenicillin (100 mg/L in all growth media described here), E. coli BL21 (DE3) RP cells were grown in 1.25 mL of LB medium with carbenicillin at 37
C. An Infors HT Ecotron shaker was used throughout the expression procedure. The cells were harvested and resuspended in 25 mL of M9 medium with carbenicillin. The culture was grown overnight at 37 C, harvested and inoculated into 500 mL of M9 medium with carbenicillin. To prepare 15 N-labeled mutant XI, 1.0 g of 15 NH 4 Cl (Cambridge Isotope Laboratories) per 1 L of M9 medium was used as a sole nitrogen source. Labeled M9 medium was used as the final expression broth, as well as the preculture medium. The culture was grown at 37 C. After having reached an OD 600 of 1.8-2.0 (typically after 3 to 4 h after inoculation), protein expression was induced using 0.75 mM isopropyl b-D-thiogalactopyranoside (Fermentas). Protein expression was carried out for 2.5 days, after which the cells were harvested and frozen at À20 C.
Protein extraction. The pellet was thawed and refrozen at À20 C. Then the frozen cells were resuspended in 40 mL of lysis buffer (10 mM sodium phosphate, pH 8.0, 50 mM NaCl, 1 mg/mL of lysozyme (AppliChem) and 10 U/mL of DNaseI (AppliChem)) and incubated at room temperature for 2 h. The lysate was centrifuged for 10 min. at 17,000g at room temperature. Lipase is present in both supernatant and pellet, and therefore both fractions were collected. The insoluble fraction was reconstituted by suspending the pellet in 5 mL of 6 M guanidinium hydrochloride and gradually diluting the sample to 100 mL of total volume using 10 mM sodium phosphate, pH 7.0. This solution was spun for 10 min. at 17,000g at room temperature and supernatant was collected. The pellet was subjected to a second round of protein extraction. Supernatants with reconstituted lipase were kept at room temperature overnight. The mixture was centrifuged for 10 min at 17,000g at room temperature, the supernatant was collected and filtered through 0.22 lm pore filters. The filtered solution ($250 mL) and the soluble fraction of the cell lysate ($40 mL) were subjected to the purification procedure separately.
Protein purification. An AKTA Purifier (GE Healthcare) was used for chromatography. Hydrophobic interaction chromatography was performed using three connected HiTrap Phenyl 5 mL (GE Healthcare) columns equilibrated with 10 mM sodium dihydrogen phosphate (pH 5.5) with 0.03% NaN 3 (equilibration buffer). The filtered supernatant was loaded onto the columns and washed using equilibration buffer. Lipase was eluted using 70% ethylene glycol in equilibration buffer. Fractions containing high lipase activity were subjected to cation exchange chromatography using a HiTrap SP HP 5 mL column (GE Healthcare) in equilibration buffer. Active fractions were loaded and the column was washed using equilibration buffer. Lipase was eluted using 20% elution buffer (10 mM sodium phosphate, pH 7.0, 500 mM NaCl, 0.03% NaN 3 ) mixed with 80% equilibration buffer. A relatively large amount of protein forms aggregates on the column. The aggregates were removed from the column using 6 M guanidinium hydrochloride, and refolded by 20-fold dilution in 10 mM sodium phosphate buffer, pH 7.0, 0.03% NaN 3 . Both fractions were concentrated. Buffer exchange to 10 mM sodium phosphate, pH 7.0, 0.03% NaN 3 was performed using 10 kDa Amicon centrifugal filtration devices (Millipore). Finally, the protein was concentrated to $10 mg/mL. Protein purity was assessed using SDS-PAGE and electrospray ionization mass spectrometry. Routinely, the procedure yielded $20 mg of pure Lipase A from 0.5 L of culture.
Buffers used for characterization
The following buffers were used for the biophysical assays: 10 mM sodium acetate for measurements at pH 4.0-5.5; 10 mM sodium phosphate for studies at pH 6.0-8.0; 10 mM glycine-NaOH for studies at pH 9.0-10.5; 10 mM sodium bicarbonate, pH 11.0; 10 mM NaOH, pH 12.0; 10 mM sodium phosphate, pH 7.0, with 1 M NaCl; 10 mM sodium phosphate, pH 7.0, with 1 M guanidinium hydrochloride; 10 mM sodium phosphate, pH 7.0, with 2 M urea; 10 mM sodium phosphate, pH 7.0, with 4 M urea; 10 mM sodium phosphate, pH 7.0: ethylene glycol 1:1 (v/v). All buffers contained 0.03% sodium azide to prevent bacterial growth.
Thermal inactivation profiles
LipA (between 25 and 50 lg/mL) was prepared in different buffers. Hundred microliters of the solution was pipetted into a 96-well PCR plate and the plate was exposed to thermal treatment using a T Gradient thermocycler (Biometra). The program consisted of 5 min. warming at 37 C, followed by a 15 min. treatment at various temperatures ranging from 37 to 97 C, followed by 5 min at 4 C and finally 15 min at room temperature. The residual activity was measured using the following assay: 10-30 lL of the heated lipase solution (combined with water to give 30 lL of volume overall) was mixed with 100 lL of assay buffer: 50 mM potassium phosphate, pH 8.0, 0.1% of Triton X-100, 5% (v/v) acetonitrile and 2.5 mM p-nitrophenyl caprylate. Formation of the reaction product (p-nitrophenol) was followed colorimetrically at 405 nm using Spectramax Plus plate reader (Molecular Devices) in 96-well plate format. The activity retained by samples kept at 37 C was used as a reference (100%).
Concentration dependence of LipA mutant activity loss
Various concentrations (1-15 lM) were prepared of mutant XI in 10 mM sodium phosphate, pH 7.0, 0.03% sodium azide. Thermal treatment and residual activity determination were performed as described for thermal inactivation profile experiments, except that a constant temperature of 60 or 80 C was applied instead of a temperature gradient.
NMR experiments
LipA mutant spectra were measured in 10 mM sodium phosphate, pH 7. NMR spectra were recorded at 298 K using a Bruker Avance 600 spectrometer equipped with a 5 mm CPTCI 1H-13C/15N/2H Z-GRD cryogenic probe. Preheated 15 N-labeled mutant XI samples were prepared as follows: native protein was diluted to 1 lM using 10 mM sodium phosphate, pH 7.0, 0.03% sodium azide. Aliquots of 100 lL were pipetted into a 96-well PCR plate and samples were incubated at 60 or 80 C for 15 min using a T Gradient thermocycler (Biometra). Then the combined aliquots were concentrated using 10 kDa Amicon centrifugal filtration devices (Milipore).
15 N-labeled LipA mutant XI NMR sample concentrations: native protein: 0.5 mM, protein heated at 60 C: 0.1 mM, protein heated at 80 C: 0.3 mM.
CD measurements
CD spectra and melting curves were recorded using a Jasco J-810 spectropolarimeter. Two hundred microliters of 0.3 mg/mL Lipase A in the appropriate buffer was routinely used for measurement in quartz cuvettes of 1 mm optical length. Melting curves were recorded at 222 nm wavelength, using 1 C steps with a rate of 1 C/min. The curve was recorded starting from 25 to 95 C. Afterwards, a reverse cooling curve was recorded using similar settings.
X-ray structure determination of LipA mutant X Crystallization. Crystallization experiments were performed using the hanging drop vapor diffusion method at 293 K. Drops were prepared by mixing 1.25 lL of protein solution (10.3 mg/mL LipA mutant X in 30 mM BES-NaOH buffer, pH 7.0, 0.03% (w/v) NaN 3 ) with 1.25 lL of reservoir solution (24% (w/v) PEG 3350, 0.2 M (NH 4 ) 2 SO 4 , 0.1 M BisTris-HCl buffer, pH 6.0), and equilibrated over 1 mL of reservoir solution. Crystals seemed within 1 week and reached a typical size of about 800 Â 100 Â 20 lm; they were cryo-protected using 28% (w/v) PEG 3350, 0.05 M (NH 4 ) 2 SO 4 , 0.05 M BisTris-HCl buffer, pH 6.0.
Data collection and structure determination. A single data set was collected at 100 K, at beam line ID23-2 (ESRF, Grenoble, France); diffraction images were integrated and scaled with XDS. 39 Data collection statistics are listed in Table I . The structure of LipA mutant X was solved by the molecular replacement method using Phaser 40 with the coordinates of WT Bacillus subtilis LipA 22 (PDB code: 1I6W) as the search model.
Refinement and model building. Refinement of the LipA mutant X structure was performed at 1.85 Å resolution using REFMAC5 41 ; cycles of restrained refinement (including twofold NCS) were alternated with manual model building in COOT. 42 The final model comprises two monomers containing residues 2-181; only the N-terminal residue was not observed in the electron density. Each of the seven mutated residues is clearly visible in the electron density. The final R-factors are 0.175/0.223 (R cryst /R free ). Structure analysis was performed using PyMOL (DeLano Scientific LLC) and MOLMOL. 43 Figures were prepared using PyMOL and VMD. 44 The coordinates and structure factor amplitudes have been deposited in the PDB (accession code 3QZU).
Comparison of B-factors between LipA WT and variant X. B-factors of the variant X were compared with all WT depositions from the PDB (1I6W,   22 1ISP, 23 2QXT, and 2QXU 24 ). Because B-factors cannot be compared directly, scaling of the B-factors was necessary. As an internal reference for this purpose, we used the average B-factor of backbone atoms that were common to all analyzed chains excluding atoms involved in crystal contacts (within 6 Å distance from any atom belonging to another chain). Furthermore, B-factor outliers were excluded from the reference set as described by Smith et al. 45 Scaling by the reference yielded normalized B-factors (real B-factor divided by the reference value); these normalized B-factors were then averaged over all analyzed chains for every atom separately. Averaged normalized B-factors obtained for WT were subtracted from those obtained for variant X for each atom individually. These differences were then averaged over all atoms of each residue.
